Adenylyl cyclase activity can be reconstituted by simple mixture of the two cytosolic domains of the enzyme after their independent synthesis in Escherichia coli. We have synthesized and purified the Cla domain of type I adenylyl cyclase and the C2 domain of the type II enzyme to assess their interactions with each other and with the activators Gs,, and forskolin. In the absence of an activator, the fragments associate with low affinity and display low catalytic activity.
This basal activity can be stimulated more than 100-fold by either forskolin or activated Gsa. Further, the addition of these activators increases the apparent affinity of the fragments for each other. Stimulation of catalysis by Gsa and forskolin is synergistic. These data suggest a model wherein either Gsa or forskolin enhances association of the other activator with adenylyl cyclase, as well as facilitating the interaction between the C1 and C2 domains of the enzyme.
All of the mammalian adenylyl cyclases identified to date share the capacity to be activated by both the guanosine triphosphate (GTP)-bound form of the a subunit of the G protein that activates adenylyl cyclase (Gsa) and the diterpene forskolin (FSK); in several cases, these two activators interact synergistically. These enzymes also share a characteristic structure, consisting of a short and variable amino terminus, followed by two repeats of a module composed of six transmembrane spans (M1 and M2) and a roughly 40-kDa cytoplasmic domain (C1 and C2). The most highly conserved sequences among the adenylyl cyclases are within the amino-terminal halves of each cytosolic domain (Cla and C2a). These domains are also roughly 50% similar to each other (within a single enzyme) and to the catalytic domains of the guanylyl cyclases (1, 2) .
A soluble, chimeric adenylyl cyclase, consisting of the covalently linked Cla and C2 domains of the type I and type II enzymes, respectively, has been synthesized in Escherichia coli, purified, and characterized. This protein displays FSK-and Gs,a!-stimulated enzymatic activity and has a turnover number characteristic of the membrane-bound adenylyl cyclases (3, 4) . Coexpression of noncovalently linked halves of membranebound adenylyl cyclases also permits detection of regulated adenylyl cyclase activity (5), but it was not possible to synthesize these molecules separately and to mix them productively after solubilization. Our goal has been to synthesize the cytosolic domains of adenylyl cyclase separately, in a manner that would permit their mixture and thus the capacity to analyze their interaction.
MATERIALS AND METHODS DNA Constructs, Antibodies, and G Protein Subunits. To create the DNA for expression of the Cla domain of type I adenylyl cyclase (IC,), the construct pTrc(271)IClIIC2L3 (3) was digested with BsrBI and ligated with the phosphorylated oligonucleotides 5'-GATCTAGCTAGCTA and 5'-TAGCTAGCTA. The DNAwas then digested withBspHI andBglII and ligated into pTrcH6 (4) that had been digested with NcoI and BglII. This resulted in a construct with an amino terminal hexa-histidine tag linked to residues 271-484 of type I adenylyl cyclase.
To create the DNA for expression of the C2 domain of type II adenylyl cyclase (IIC2), a polymerase chain reaction was performed on pTrc(271)IC1IIC2L3 using the primers 5'-ATGAGATCTGGATGCCAAGTTGCTCTGAG and 5'-TGGAGTCATGACACAGAGTGAAT; this created an amino terminal BspHI restriction site and a carboxy terminal BglII restriction site. After excision with BspHI and BglII, this fragment was ligated into pQE60 (Qiagen, Chatsworth, CA) that had been digested with Ncol and BglII. This created a construct encoding residues 821-1090 of type II adenylyl cyclase with a hexa-histidine tag at the carboxy terminus.
The antibodies utilized in this work have been described (4). Gsa was purified and activated with guanosine 5'-[ythio]triphosphate (GTP[,yS]) as described (4) .
Expression of Proteins in E. coli. The IC1 construct was transformed into E. coli strain BL21(DE3), and the cells were grown in the presence of ampicillin (50 .tg/ml). The IIC2 construct was transformed into BL21(DE3) cells also harboring the pREP4 plasmid; cells were grown in ampicillin (50 ,ug/ml) and kanamycin (50 jig/ml). Cultures 
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The Ni2+-NTA column eluate containing IC1 was adjusted to 400 mM ammonium sulfate and loaded directly onto a 2-ml phenyl Sepharose column that had been equilibrated in buffer A (50 mM Na-Hepes, pH 8.0/2 mM MgC12/1 mM EDTA/2 mM dithiothreitol) plus 400 mM (NH4)2S04. The column was washed with 10 ml of equilibration buffer and 10 ml of buffer A, followed by elution with a linear gradient (20 ml) of 0 to 10 mM 3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate (CHAPS) in buffer A and 20 ml of buffer A containing 10 mM CHAPS. The pooled peak was exchanged into buffer A and concentrated to 0.4 ml (-1 mg/ml).
The Ni2+-NTA column eluate containing IIC2 was loaded directly onto a 8-ml Mono-Q 10/10 column (Pharmacia), equilibrated in buffer A, and washed with 5 volumes of the same buffer. Protein was eluted with a 120-ml linear gradient of NaCl (0-300 mM) in buffer A, followed by a steep gradient to 1 M NaCl. The IIC2 protein represents >90% of the total loaded onto the column and elutes at -150 mM NaCl. This pooled material was exchanged into buffer A containing 50 mM NaCl and concentrated to 10 mg/ml.
Gel filtration was carried out on a Superdex 200 column (Pharmacia) in 50 mM Na-Hepes (pH 8.0), 2 mM MgCl2, 1 mM EDTA, 2 mM dithiothreitol, and 150 mM NaCl. All samples were loaded onto the column in less than 0.5 ml.
Adenylyl Cyclase Assays. Adenylyl cyclase activity was quantified as described by Smigel (6) . All Fig. 2A) . Given the smaller amounts of IC1 in these preparations, saturation was observed when increasing amounts of IIC2 were added to the partially purified prepa- Fig. 2 , activities were linear with respect to time and protein concentration. However, IC1 and IIC2 were not used at saturating concentrations, as defined in Fig. 6B . Thus, the specific activities for the two preparations shown in this table cannot be compared with each other or to the specific activities for IC1 shown in Figs. 6 and 7. ration of IC1 (Fig. 2B ). Assays were carried out in the linear ranges of these titrations.
Large amounts (6 mg/liter of culture) of the IIC2 fragment were readily purified to homogeneity by Ni2+-NTA and Mono Q column chromatography ( Fig. 3 and Table 1 ). The material appeared to be homogeneous after SDS/PAGE (see Fig. 5 ). Amino acid sequencing revealed that the amino terminus of the protein began at Met-847 of type II adenylyl cyclase, 27 residues downstream from the presumed initiator methionine in the construct. Electron spray mass spectroscopy (not shown) revealed a single species with a Mr of 28,258, consistent with a protein containing Met-847-Ser-1090 (calculated Mr = 28,256). Gel filtration of this material showed a single peak of activity with an apparent Mr of -50,000 (Fig. 3) . This behavior may represent dimerization of the fragment.
The IC1 fragment accumulated to much lower levels during bacterial culture. It can be purified by a combination of Ni2+-NTA, phenyl-Sepharose, and gel filtration chromatography (Figs. 4 and 5 were eluted from the. phenyl-Sepharose column. The first of these was further purified by gel filtration, where it too displayed an apparent Mr of 50,000. The second phenyl-Sepharose peak displayed a similar gel filtration profile but contained more contaminants; this peak was not investigated further.
We first examined adenylyl cyclase activity obtained by mixture of IC1 and IIC2 in the absence of any activator (Fig.  6A ). Increasing amounts of IIC2 were added to 0.1 ,uM IC1. The highest activity observed (expressed per quantity of IC1) was 100-fold lower than that obtained in the presence of 50 ,uM FSK and 500-fold lower than that observed with FSK and activated Gsa (Fig. 6B) . It was not possible to maximize activity by increasing the concentration of IIC2 in the absence of activators (Fig. 6A) We also examined the capacity of FSK and the adenylyl cyclase activity of the mixed function of activator concentration (Fig. 7) . ments 8 nM IC1 was mixed with 6.6 ,utM saturating concentration of IIC2 in the preser or Gsa plus FSK. When increasing concentrat tested in the presence or absence of 0.5 ,l] maximal activity was increased by Gsa and t] was lowered by a factor of 100 (Fig. 7A) . I concentrations of activated Gsa were examine or absence of 50 ,tM FSK, maximal activil under the two conditions. However, the ii shifted the EC50 for activated Gsa by more t DISCUSSION We have expressed the IC1 and IIC2 domair adenylyl cyclase separately and reconstitute stimulated adenylyl cyclase activity by their protein has detectable adenylyl cyclase activ or without activators), and the mixture has activity in the absence of an activator. How observed in the presence of FSK and/or activz compelling evidence that adenylyl cyclase acti on the association of the C1 and C2 domains or stimulated level of activity observed is compa with the native, membrane-bound enzyme. I activation produced by FSK and Gsa is syn believe that this system provides a valuable t Fig. 8 .
The data of Fig. 6A provide an estimate of the lower limit for the affinity of IIC2 for IC1 in the absence of any activator: K1 2 10 ,uM (Fig. 8) . In the presence of FSK (Fig. 6B) (Fig. 7A) , just as the presence of FSK lowers the EC50 for Gs, (Fig. 7B) . These results are similar to those obtained with the covalently linked IC11IC2 construct (4) and the type II enzyme (10) . We conclude that the presence of either activator in the active complex acts to enhance association of the other activator, as well as facilitating the interaction of the C1 and C2 domains of adenylyl cyclase.
This model can be confirmed and described explicitly for a single activator if the affinity of the activator for the individual protein domains (K2 and K5) can be determined. It is not known which of the two domains, if either, binds FSK or Gs, to any significant extent. However, the existence of this system will permit analysis of such interactions.
